Polarization curves, electrochemical impedance spectroscopy (EIS), X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM) and scanning electron microscopy (SEM) were used to investigate the evolution of the electrochemical behavior and the properties of passive films on 304 stainless steel under high temperature and high stress conditions. The results showed that the proportion of each phase in the film considerably changed as the immersion time increased but eventually approached a stable value. The change in the film resistance R m was mainly affected by the intergranular corrosion the surface. A correlation of the evolution of the electrochemical behavior with the phase contents in the passive film and surface morphology was investigated.
INTRODUCTION
304 stainless steel exhibits excellent corrosion resistance and has been widely used in the nuclear power, construction, and chemical industries [1] [2] [3] [4] [5] [6] [7] [8] . Despite the excellent corrosion resistance, stainless steel can also undergo stress corrosion cracking due to the effects of temperature, media, and stress in the work environment, which all cause damage. The corrosion resistance of stainless steel is closely related to the properties of its surface passive film [9, 10] . The composition and structural properties of surface passive films formed on 304 stainless steel have been extensively studied [11] [12] [13] [14] . The passive film possesses a duplex-layer structure consisting of an internal oxide layer and an external hydroxide layer, and the main chemical components are Cr 3+ (ox), Fe 3+ (ox), Fe 2+ (ox), Fe(OH) 3 , and Cr 3+ (hyd) [15] . In a high temperature water environment, the electrochemical properties of the oxide film will change with changing immersion environment [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . The protective properties of passive films are compromised as the temperature increases [21] . In a high temperature water environment, the corrosion resistance of the passive film is enhanced by increasing the immersion time, and the corrosion rate is primarily determined by the inner chromium-rich layer [27] . The oxide content and the film thickness will change as the temperature changes [15] . The pre-formed oxide layer of hematite on the substrate surface varies as the environment changes, and it becomes loose and porous with the dissolution of Cr [24] . When the concentration of dissolved oxygen decreases, the amount of hematite on the surface drops to form spinel oxides [28] . Researchers have also explored the effects of dissolved oxygen concentration on the chemical composition and density of the oxide layer, and they proposed theoretical models to characterize the electrochemical properties of the corrosion process [17, 25, 29] . In an immersion environment, stress can increase the adsorbed oxygen level on the surface of a passive film and even rupture the passive film, thereby exposing the metal substrate to the solution [30] . Bojinov [25] and Kuang [28] found that the diffusion coefficients of films immersed for different times (1 and 3 days) can differ by several orders of magnitude. Therefore, a longer period of monitoring is required to understand the changes in the corrosion resistance of materials during service.
The conclusions of the abovementioned research are drawn in a stress free immersion environments [15] [16] [17] [18] [19] [20] . However, under working conditions, the material surfaces usually experience stress and deformation that are considerably greater than the internal stress due to various types of load. The deformation stress can even reach the yield stress of the material, which results in film rupture and acceleration of substrate corrosion [30] . However, in a high temperature water environment, only a few studies have been reported on the mechanism of corrosion resistance of 304 stainless steel under high stress. Although researchers have studied the evolution of electrochemical properties of films on 304 stainless steel with immersion time [18, 24] , the surface morphology was not included in their analysis. Based on the previous studies, the corrosion behavior of passive films formed on the surface of 304 stainless steel cannot be accurately predicted under the above conditions [28] .
The passive film is the critical factor to ensure the corrosion resistance of materials, and conducting an in-depth study of the evolution of its performance is necessary. The focus of this study is the corrosion behavior of 304 stainless steel under a high-temperature water environment and high stress conditions. The methods of X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization curve were employed to analyze the changes in the chemical composition and surface morphology of passive films and the electrochemical performance of the material. This study discussed the relationship between the evolution of the electrochemical behavior and changes in the properties of passive films in detail, and the research conclusions were validated by the long-term immersion test.
EXPERIMENTAL
Cold-rolled 304 austenitic stainless steel plates with thickness of 1mm were used in this study. The samples were heat treated to 1050 ℃ and kept for 30 minutes, and then cooled to room temperature in air. The chemical composition is shown in Table 1 . For the formation of passive film, the samples were polished by SiC sandpaper and immersed in acid pickling solution with composition of 20% nitric acid, 5% hydrofluoric acid and 75% water, then washed in deionized water. Immersion tests under constant load were carried out in 90 °C deionized water through employing the way of beam, the samples were cut into uniform strength section as shown in Fig. 1 . There were constant stresses with value of 100 MPa which uniformly distributed on the surfaces of the samples during the loading process, and the fixture was made of the same material as the sample to avoid the influence of the galvanic corrosion. After the immersion test, the potentiodynamic polarization curve and electrochemical impedance spectroscopy (EIS) were carried out in the same condition as the immersion test through employing Gamry Reference 3000 electrochemical system. Three electrodes system were used for the test, the reference electrode was a silver chloride electrode, the working electrode was the sample and the graphite was used as the counter electrode. For the potentiodynamic polarization curve, the potential scanning speed was 0.5 mV s -1 . For the EIS measurement, a sinusoidal signal with amplitude of 10 mV was applied on the samples based on the open circuit potential and the testing frequency ranged from 100000 Hz to 0.01 Hz for data collection, the EIS data was fitted through ZSimpWin software. The samples after immersion tests were cut into small pieces with testing area of 1.6 mm 2 (0.8 mm × 2 mm) for the X-ray photoelectron spectroscopy (XPS) analyses which were carried out through employing PHI 5700 ESCA System spectrometer. The X-ray source was Al-Kα (1486.6 eV) without monochromator and the spectrometer was used with constant pass energy of 187.85 eV (wide scan) and 23.5 eV (narrow scan). The XPS data was analyzed through XPS Peak Fit 4.1 software. The average thickness of the passive film was calculated from the equations shown as follow [15] 
. were the atomic concentration of the carbon in the contaminant carbon and the graphite, respectively. The inelastic mean free path for the calculation are displayed in Table 2 . Table 2 . Inelastic mean free path of the electron for the caculation of average thickness of the passive film through X-ray photoelectron spectroscopy (XPS) analysis. The surface morphology of the samples were observed through using scanning electron microscope (SEM, JEOL, JSM-5800) and atomic force microscope (AFM, Bruker, Dimension Icon). Fig. 2 shows the potentiodynamic polarization curves of the samples for different immersion times. As shown, a obvious passivation region could be observed on the polarization curve of the sample before immersion test (0 day). The results indicated that as the immersion time increased, the breakdown potential of the sample gradually decreased, which implied a decreasing corrosion resistance during the immersion process. Fig. 3 (a) displays the electrochemical impedance spectroscopy of the samples for different immersion times, which could be fitted by using the equivalent circuit model shown in Fig. 3 (b). There were two time constants in this model, R s was the resistance of solution, R m was the resistance of passive film, Q m was the constant phase element for passive film, C dl was the constant phase element for electrochemical double layer and R ct was the resistance of charge transfer. A good correspondence could be observed between the fitting data (solid lines and solid symbols) and the experimental data (hollow symbols), which implied good accuracy and low error for the fitting results. The fitting resistance of passive film is exhibited in Fig. 4 . The results showed that the resistance of passive film decreased with the increase of immersion time, which changed from 700 Ω before the immersion test to 75 Ω after immersion for 20 days. The resistance became to 25 Ω after immersion for 30 days and then tended to be stable. The decreasing resistance suggested the reduction of resistance for the ions passing through the passive film. The obvious decline of resistance indicated that the corrosion resistance of passive film had significantly changed during the immersion process. To obtain an in-depth understanding of the relationship between the evolution of the electrochemical properties and composition changes of the passive film, X-ray photoelectron spectroscopy (XPS) measurements were performed on different immersed samples to determine the changes in the states and contents of the various elements in the film. Based on the areas of the characteristic peaks, the change in the proportion of the Fe elements in the different valence states over time was calculated, and the result is shown in Fig. 6 To understand the changes in the contents of the different compounds in the film during immersion, the time dependence of the proportions of Cr and Fe in different valence states in the film were calculated according to the characteristic peak areas determined using XPS. As shown in the Fig.  9 , the elemental oxides in the initial film accounted for approximately 90% of the total elements; among them, the contents of Fe 2+ (ox), Fe 3+ (ox), and Cr 3+ (ox) accounted for 40%, 27%, and 23%, respectively. The hydroxides accounted for approximately 10% of the total elements; among them, the contents of Fe 3+ (hyd) and Cr 3+ (hyd) accounted for 6% and 4%, respectively. After the immersion experiment, the proportion of elements in different valence states in the film changed. For the oxides, after 10 days of immersion, the FeO and Fe 2 O 3 contents showed a significant decrease and increase, respectively. 3 . The environmental temperature, pressure, oxygen content, and stress that the samples are subjected to have different degrees of impacts on the types and proportions of the generated compounds [15, 21, 28, 31] . This study found that the Fe element in the initial passive film mainly existed in the form of oxides after conventional acid cleaning and passivation, and the contents of Fe 2+ (ox), Fe 3+ (ox), and Fe 3+ (hyd) accounted for approximately 55%, 37%, and 8% of the total amount of Fe elements, respectively. Likewise, for the same material that was tested in water environments at various temperatures, the state and content of Fe in the initially formed surface film were basically the same as the results from this paper [15, 21] . After the initial passive film of the material was immersed in a high-temperature water environment for only 10 days, the Fe 2+ (ox) content declined to 20%, and the Fe 3+ (ox) content increased to approximately 70%. Since the increase in the Fe 2 O 3 content and the decrease in the FeO content occurred at the same time, the result indicates that FeO is converted to Fe 2 O 3 via further oxidation. Sun [21] reported the formation and evolution of iron-containing oxides in the film of a material after a polarization treatment in a weak acidic water environment between room temperature and 300°C, and the results were quite consistent with the results of this paper. Jung [15] showed that when the same material was exposed to a water vapor environment at 30 °C, the composition of the passive film formed changed after a short period of time (1 day). The evolution of the composition was similar to that found in this study. However, when the exposure time increased to 90 days, the Fe 2+ (ox) content showed an extremely slow increase or decrease. [32] . A large number of studies on the evolution pattern of Cr-containing compounds similar to those in this paper have been reported [15, 21] . The environmental temperature, pH, etc. are all factors that affect the formation and evolution of Cr oxides and hydroxides.
RESULTS AND DISCUSSION

Electrochemical analysis
XPS analyses
Since the immersion experiments of all the samples in this paper were performed in a neutral water environment, stress is an important factor that affects the conversion of chromium compounds. This is because the density of Cr(OH) 3 (3.1) is considerably lower than that of Cr 2 O 3 (5.2), and the conversion of Cr(OH) 3 to Cr 2 O 3 is accompanied by strong volumetric shrinkage. Apparently, tensile stress does not favor this conversion. At the same time, the stress can also rupture the passive film, so Cr 2 O 3 repeats the nucleation-rupture-nucleation process on the steel surface [35] . Due to the slow nucleation rate of Cr 2 O 3 [33] , the fact that the nucleation and formation of Cr(OH) 3 occur preferentially results in a significant decrease in the ratio of Cr 3+ (ox)/Cr 3+ (hyd).
XPS analysis revealed that the content of oxides in the initial passive film accounted for approximately 90% of the total elements. After the immersion experiment, the total proportion of oxides dropped slightly (85%), and the proportion of hydroxides increased to some extent. However, the relative contents of the elements in the three types of oxidized forms changed significantly within 20 days, specifically the proportion of Cr 3+ (ox) decreased from 23% to 13%, which is a decrease of more than 50%. Certainly, this will adversely affect the corrosion resistance of the material. Since Cr 2 O 3 has a low total content as well as a slow rate of formation and dissolution and the Fe-containing compounds exhibit high formation and dissolution rates, high temperature and high stress favor the growth of an Fe oxide layer. Therefore, an increase in the Fe oxide content of the film leads to a general decrease in the Cr 2 O 3 content. Table 3 , and the equations are (1) and (2) . As the immersion time increases, the thickness of the film slowly increases. Researchers have reported this phenomenon [21] . This occurs because high temperatures and stresses promote film oxidation, which leads to a gradual increase in the oxide contents of the film and an increase in the average film thickness [21] . Table 3 . Some of the parameters used for the calculation of average thickness of the passive film through X-ray photoelectron spectroscopy (XPS) analysis. According to the results from this paper and other studies, the compounds in the thickened part of the film were mainly Fe 2 O 3 and the two hydroxides Fe(OH) 3 and Cr(OH) 3 [8] . Due to the low content and slow reaction rate [33] , Cr 2 O 3 had no apparent contribution to the film thickness.
AFM and SEM analyses
To compare the change in the surface morphology of the passive film before and after immersion in the high temperature water environment and stress conditions, AFM analysis was conducted on the samples before and after the immersion experiment. Fig. 11 presents the threedimensional topography AFM images of the sample surface before immersion. As seen in Fig. 11(a) , the surface of the passive film before immersion was intact, smooth and dense, and the height difference between the protruded and depressed areas was approximately 5 μm. After 10 days of immersion, the surface apparently underwent uneven corrosion, and the corrosion was mainly confined in small areas, resulting in "corrosion grooves" similar to the shape of grain boundaries. As the immersion time continuously increased, the corrosion grooves continuously increased in depth. Fig.  11(b) shows the three-dimensional morphology AFM image of the sample after 20 days of immersion, in which the depth of the corrosion grooves greatly exceeded 9 nm-the average thickness of the passive film.
Since all the studied materials had morphologies similar to that of intergranular corrosion after the immersion experiment, we removed the surface passive film by mechanical grinding and polishing to perform SEM analysis on the original substrate microstructure of the material to confirm the grain shape, size and precipitation of the second phase. Fig. 12 shows the SEM image of the metallographic structure of the material substrate. As shown in the Fig., no apparent precipitation of the second phase was found in the grain boundaries and inside the grains. The grain shape and size were highly consistent with the morphology of the areas identified as "corrosion grooves". The sample obtained after removing the surface passive film was immersed under the same temperature and tensile stress conditions as those in this study, and the AFM analysis was performed to examine the corrosion of the material. Fig. 13 presents the three-dimensional topography AFM image of the sample after 10 days of immersion. As seen in the Figure, the morphology surface corrosion was extremely similar to the corrosion morphology of the sample with the passive film with a grain shape consistent with the material in Fig. 12 . These results demonstrate that the corrosion grooves produced after the immersion experiment appear in the region of the austenite grain boundary of the material and are caused by intergranular corrosion. A large number of studies [34, 35] have indicated that intergranular corrosion is the most common corrosion mode for austenitic stainless steels and can cause corrosion cracking and stress corrosion cracking. The defects such as component segregation, local stress concentration and irregular arrangement of atoms exist on the substrate grain boundary. The heterogeneity of these defects is the reason for the generation of intergranular corrosion in the substrate material [36] [37] [38] [39] .
Passivation treatment can enhance the corrosion resistance of stainless steel. The main reasons for the corrosion resistance of stainless steel include the enrichment of favorable components in the passive film, the film structure being polycrystalline or amorphous, and the reduction and/or elimination of harmful impurities and defects in the film [40, 41] . However, the existence of a passive film does not eliminate corrosion or intergranular corrosion of stainless steel. The reason for this property is that the heterogeneity in the microstructure, composition and structure of the surface film itself is unavoidable, which results in areas with weak corrosion resistance. Furthermore, the change in the microstructure and structure of the passive film itself during the immersion process can deteriorate the corrosion resistance. This study found that the immersion experiment caused a significant increase in the Fe 2 O 3 content of the passive film, and the FeO and Cr 2 O 3 contents decreased to different degrees. After 30 days of immersion, the average Fe 2 O 3 content of the film increased from 28% before immersion to 55%, the average FeO content decreased from 40% before immersion to 15%, and the Cr 2 O 3 content decreased from 22% before immersion to 13%. This change in composition will certainly reduce the corrosion resistance of the material.
Correlation between the evolution of the electrochemical behavior and changes in the passive films
The passive film is a "barrier" between the material substrate and the medium, and its properties directly affect the corrosion resistance of the material. The measurement results of the polarization curve demonstrated that the corrosion resistance of the material decreased as the immersion time increased, which was manifested by an apparent passivation zone in the polarization curve (0 Day) of the sample without immersion treatment. As the immersion time increased, the passivation zone of the polarization curve became narrower, and the current density increased (Fig. 2) , which indicated a decrease in the corrosion resistance of the material. The same conclusion was confirmed by the electrochemical impedance spectroscopy (EIS) experiment (Fig. 4) .
XPS analysis found that the oxide contents of the initial passive film of the material accounted for more than 90% of the total elements, in decreasing order of FeO, Fe 2 O 3 and Cr 2 O 3 . During the whole immersion process, the average passive film thickness increased gradually (Fig. 10) , with a total increase of 25%. The content of total oxides in the film did not considerably decrease. However, the contents of FeO and Cr 2 O 3 decreased significantly in the early stage of immersion, while the content of oxide Fe 2 O 3 increased significantly. The contents of FeO and Cr 2 O 3 decreased by more than 60% and 55%, respectively, and the content of Fe 2 O 3 increased by more than 100%.
The AES observation showed that the surface of the passive film without immersion treatment was smooth and dense ( Fig. 11(a) ). After the immersion experiment, intergranular corrosion occurred on the surface (Fig. 11(b) ), indicating that the film was damaged. After 20 days of immersion, the depth of corrosion pits reached or exceeded the average film thickness (9 nm). At this moment, the protective effect of the passive film on the substrate disappeared essentially. This also explains the experimental results that the film resistance R m decreased from 700 Ω to 25 Ω and then stabilized after the material was immersed for 20 days. The observation of the microstructure and the study on the characteristics of intergranular corrosion of the system demonstrate that the corrosion grooves occur in the grain boundary surface of substrate and are the result of intergranular corrosion.
As shown in this paper, the 304 stainless steel exhibited significant intergranular corrosion phenomenon after immersion in a neutral water environment at 90 °C and a stress of 100 MPa, which has not reported till now. When the surface film obtained from the conventional passivation treatment was immersed in a neutral water environment at 90 °C and below 100 MPa, its internal structure and composition first changed. In particular, the content of Cr 2 O 3 , which plays a major role in corrosion resistance, decreased significantly, leading to a decrease in the corrosion resistance of the passive film. The Cr 2 O 3 layer that is relatively brittle under high temperature and high stress conditions could also crack [36] . The repeated nucleation-rupture-nucleation process in the solution [21] allows the dense protective layer to become porous and unstable. The dense Cr 2 O 3 layer in the corroded area decreased and became porous, and the solution can even directly contact the substrate via the pores. In addition, the heterogeneities of the microstructure, composition and high stress concentration would cause intergranular corrosion and lead to the preferential dissolution and erosion of the grain boundaries. During anodic dissolution of grain boundaries, frequent ion exchange between the substrate and solution causes the corrosion grooves of the passive film to become looser, forming corrosion grooves in grain boundary region, and eventually, the protection of the passive film on substrate is lost entirely. Cr 2 O 3 enrichment can enhance the protective properties of the film [27] , the defect conditions of the film and the uniformity of the surface are the primary reasons for the corrosion resistance of stainless steel [40, 41] . The degree of Cr 2 O 3 enrichment is a characterization of the average distribution of the compounds on the film surface and does not accurately reflect the microscopic difference of the surface. The Cr 2 O 3 enrichment in the passive film with a damaged compact structure can not accurately reflect its protective properties on the substrate.
CONCLUSIONS
Electrochemical, XPS and AFM methods were adopted to study the evolution of the properties of a surface film formed on 304 stainless steel in a water environment at 90 °C and below 100 MPa (stress). The corrosion resistance, chemical composition and surface morphology of the film were characterized. The conclusions are as follows:
1. As the immersion time increased, the passivation zone of the polarization curve became narrower, the current density increased, and the protective properties of the film decreased.
2. After 20 days of immersion, the film resistance R m decreased from 700 Ω to 25 Ω and stabilized. The average film thickness showed a slow increase. The content of the oxides of the initial passive film decreased from 90% to approximately 85%. Among them, the Cr 3+ (ox) content decreased from 23% to 13%, the Fe 2+ (ox) content decreased from 40% to approximately 15%, and the Fe 3+ (ox) content increased from 27% to 55%. The proportions of the Cr 3+ (hyd) and the Fe 3+ (hyd) contents slightly increased. 3. As the immersion time increased, continuous corrosion appeared on the surface along the grain boundary. The steel exhibited significant intergranular corrosion phenomenon after immersion in a neutral water environment at 90 °C and a stress of 100 MPa, which has not reported till now. The depth of the corrosion pits exceeded the average thickness of the passive film, intergranular cracks occurred on the surface film, and the protection of the passive film on the substrate was essentially lost.
